3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGR, EC1.1.1.34), the key enzyme in isoprenoid biosynthesis, was puriˆed from microsomes of potato tuber tissue, and a polyclonal antibody and two monoclonal antibodies against the puriˆed enzyme were prepared. HMGR protein content was measured by immunotitration and radioimmunoassay using these antibodies. HMGR activity was very low in the fresh tissues of both potato tuber and sweet potato root. The activity in potato tuber was increased by cutting and further by additional fungal infection of the cut tissues. In sweet potato root tissue, the activity was scarcely increased after cutting alone, but was markedly increased by additional fungal infection or chemical treatment. The HMGR protein contents in both fresh potato tuber and sweet potato root tissues were also very low, and increased markedly in response to cutting and fungal infection. From these results, we proposed a hypothesis on the induction mechanism of HMGR after cutting and fungal infection in potato tuber and sweet potato root tissues.
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Plants synthesize a diverse array of isoprenoid compounds. All isoprenoid compounds are derived from a basic isoprene building block of isopentenyl pyrophosphate. In plants, it is apparent that there are two distinct biosynthetic pathways 1) leading to the synthesis of isopentenyl pyrophosphate, the deoxyxylulose 5-phosphate pathway 2) and the mevalonate pathway.
3) 3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGR, EC1.1.1.34) catalyzes the irreversible conversion of HMG-CoA to mevalonic acid, a precursor of isoprenoid compounds, and is considered a key regulatory step controlling isoprenoid synthesis in the mavalonate pathway. [4] [5] [6] We previously showed that HMGR activity in fresh potato tubers was very low but was increased in response to cutting and subsequent infection with Phytophthora infestans or treatment with HgCl2 of the cut tissues. 7) In sweet potato roots, the enzyme activity increased after the infection with Ceratocystisˆmbriata, but not after cutting alone. 8) The increase in enzyme activity was followed by accumulation of sesquiterpene phytoalexins such as rishitin in infected potato tuber tissue, 7) and ipomeamarone in infected sweet potato root tissue. 9) Inhibitors of protein synthesis such as Blasticidin S and cycloheximide reduced both elicitor-induced and pathogen-induced HMGR activities, as well as the subsequent accumulation of phytoalexins. Oba et al. 7) and Ito et al. 10) suggested that increased enzyme activity might be due to de novo synthesis of the enzyme protein in both potato tuber and sweet potato root tissues.
In plants, some genes encoding HMGR are diŠerentially regulated at the transcriptional level. [11] [12] [13] [14] [15] [16] HMGR gene families consisting of two to four members have been reported in many plant species such as Arabidopsis thaliana, 17) tobacco, 18) potato, 13, 19, 20) the rubber tree ( Hevea brasiliensis ), 21) tomato, 22) cotton, 23) wheat (Triticum aestivum), 24) and tomato (Lycopersicon esculentum). 14) However, there are few reports regarding the mechanism for inducing enzyme activity at the levels of enzyme protein by using speciˆc antibodies against plant HMGR.
We developed a new method to solubilize and purify HMGR from cut potato tuber microsomes. The enzyme is induced in potato tissue in response to cutting. 25) In this paper, we describe a method for preparing the speciˆc monoclonal and polyclonal antibodies against HMGR puriˆed from cut tissue of potato tuber, and the changes in levels of the immunoreactive proteins of HMGR (HMGR protein) in potato tubers and sweet potato roots after cutting and pathogen infection. We propose a hypothesis on the mechanism of inducing of HMGR after cutting and fungal infection in potato tubers and sweet potato roots on the basis of the immunochemical results.
Materials and Methods
Plant materials. Tubers of the potato ( Solanum tuberosum L. cv. Irish Cobbler) were obtained commercially. Tubers of the potato cv. Rishiri (an interspeciˆc hybrid derived from a cross between Solanum tuberosum and S. demissum L.), which is resistant to race 0 of P. infestans (Mont.) de Bary, were obtained from the Hokkaido National Agricultural Experiment Station. These tubers were stored in the dark at 49 C until use. Roots of the sweet potato ( Ipomoea batatas Lam. cv. Norin 1) harvested at Kariya Farm, Aichi, in the autumn were stored at 139 C until use.
Preparation of fresh, cut, fungus-infected, and HgCl2-treated tissues. Discs of potato tubers and sweet potato roots were prepared as described previously. 7) Potato tubers were dipped in a solution of 0.1z NaClO 4 for 20 min for sterilization, washed with water for 20 min, then cut transversely into blocks about 3 cm thick. Tissue cylinders, 20 mm in diameter, were obtained from parenchymatous tissue with a cork borer. Discs 4 mm thick were cut from the cylinder with a razor blade, washed with a large volume of distilled water, and lightly blotted with paper. The discs were placed on a wire net in a plastic box under high humidity and incubated at 189 C in the dark. Freshly cut discs and discs incubated for 14 h were called fresh tissue and cut tissue, respectively. One hundred microliters of a zoospore suspension (5×10 5 W ml) of P. infestans (race 0) were applied to the cut surface. The treated discs were further incubated for appropriate periods at 189 C and called diseased tissue. A zoospore suspension of P. infestans was prepared from the mycelia according to the method of Doke and Tomiyama. 26) Sweet potato roots were sterilized as above and tissue cylinders 16 mm in diameter were obtained as above. Discs 4.0 mm thick were made from the cylinders with a razor blade and washed with a large volume of distilled water. The discs of roots were incubated like those of potato tubers, but at 309 C for 18 h (cut tissue). Sometimes, 60 ml of 0.1z HgCl2 solution per disc was added to theˆlter paper (14 mm diameter) placed on one side of the cut tissue after 18 h of incubation, and the tissue was incubated for another 9 h under the same conditions, and called HgCl2-treated tissue. The discs the cut surfaces of which were inoculated with a spore suspension (ca. 1×10 7 W ml) of C.ˆmbriata Ell. and Halst., and incubated at 309 C for deˆnite periods were called diseased tissue.
Preparation of microsomal suspension and solubilization of HMGR from microsomes. Tissue discs (40 g) were mixed with 40 ml of ice-cold 0.1 M potassium phosphate buŠer (pH 8.0) containing 0.5 M sucrose, 10 mM EDTA, 150 mM 2-mercaptoethanol, and 1z BSA, and homogenized twice in a blender at a maximum speed, each time for 25 s. The homogenate wasˆltered through two layers of nylon gauze, and theˆltrate was centrifuged at 15,000×g for 20 min. The supernatant was passed through a Sephadex G-25 column (3×30 cm) equilibrated with 50 mM potassium phosphate buŠer (pH 7.5) containing 0.5 M sucrose, 1mM EDTA, 1 mM 2-mercaptoethanol, and 0.25z BSA. The eOEuent (the protein fraction) was centrifuged at 105,000×g for 2 h and the resulting precipitate was suspended in 10 ml of 50 mM potassium phosphate buŠer (pH 7.5) containing 0.5 M sucrose, 1 mM EDTA, and 10 mM DTT, and centrifuged at 105,000×g for 1 h. The precipitate was resuspended in the above buŠer and stored at -809 C until use. The whole procedure was done at 49 C.
The microsomal suspension (stored at -809 C) was thawed in ice-cold water. To the suspension (1 ml, 6 mg protein W ml) was added on equal volume of 2z Triton X-100 in 50 mM potassium phosphate buŠer (pH 7.5) containing 20z glycerol 50 mM KCl, 1 mM EDTA, and 10 mM DTT. The mixture was suspended and left at 49 C for 30 min, then centrifuged at 144,000×g for 1 h. The clear supernatant was designated as Triton X-100 solubilized fraction.
In the case of a radioimmunoassay using monoclonal antibody, 200 ml of 10z Triton X-100 and 400 ml of 2.5z SDS was added to 400 ml of the microsomal suspension (12.5 mg protein W ml). The mixture was left for 30 min at room temperature, then centrifuged at 144,000×g for 1 h at 29 C. The resulting supernatant was used as solubilized enzyme (designated as SDS solubilized fraction).
Assay for HMGR activity. Preparation of [3- 14 C] HMG-CoA and assay for HMGR activity were done as previously described by Shapiro et al. 27) For assay of microsomal enzyme activity, NADPH-generating radiochemical method previously described was used.
28) The reaction mixture contained 50 mM potassium phosphate buŠer (pH 7.5), 12 mM DTT, 2.5 mM EDTA, 8 mM glucose 6-phosphate (G-6-P), 3 mM NADP ＋ , 0.124 unit G-6-P dehydrogenase, 0.144 mCi R,S-[3-
14 C]HMG-CoA (310 mmol, 3,690 dpm W nmol), and the microsomal fraction (0.1-0.3 mg protein) in a total volume of 250 ml. The reaction was done at 309 C for 10-30 min and stopped by the addition of 20 ml of 6 M HCl. Twenty microliter of 5z DLmevalonolactone and R,S- [2- 3 H] mevalonic acid lactone (90,000 dpm) were added to the mixture as an internal standard, and it was further incubated at 379 C for 30 min to ensure lactonization of all enzymatically synthesized mevalonate. After centrifugation, a 100-ml aliquot of the incubation mixture was spotted directly onto activated silica gel TLC plates, which was chromatographed in benzene W acetone (1:1, v W v) according to the method of Yu-Ito et al.
28)
The mevalonic acid lactone spot was scraped oŠ, and the 3 H and 14 C radioactivity were measured. 14 C radioactivity was corrected for the recovery of [ 3 H]-mevalonic acid lactone. One unit of the enzyme activity was designated as the activity to convert 1.0 nmol of HMG-CoA to mevalonic acid in 1 min at 309 C.
Puriˆcation of HMGR. Potato microsomes were prepared from 14 h-incubated cut tissue. HMGR was solubilized from the microsomal fraction by using trypsin and puriˆed by a‹nity chromatography (2?,5?-ADP-Sepharose and HMG-CoA-HexaneAgarose) as described previously. 25) Preparation of polyclonal antibody against HMGR. Three male BALB W c mice received subcutaneous injection of 5-10 mg protein of puriˆed HMGR in 50 ml of 10 mM potassium phosphate buŠer (pH 7.5) emulsiˆed in an equal volume of complete Freund's adjuvant four times, i.e., on d 0,11, 21, and 45.
Serum obtained on d 31 (after third injections) inhibited HMGR activity 60z when incubated with an equal volume of microsomal suspension (3.0 mg of protein per ml) obtained from 14-h-incubated cut tissue. The antiserum used for the immunotitration was harvested 61 d after theˆnal immunization on d 45.
Development of hybridoma. Two male BALB W c mice were immunized as described above. Four days after the fourth injection (on d 45), spleens were removed for fusion. Spleen cells were fused with NS-1 myeloma cells in the presence of 42.5z (w W v) polyethylene glycol 4000 according to the procedure previously described by H äammerling et al.
29)
The fused cells were selected using medium containing hypoxanthine W aminopterin W thymidine 7 and 11 d after fusion. The titer of antibody against HMGR in the medium from surviving hybrid cells was assayed by immunotitration of HMGR activity as described below. The hybrid cells (designated 1H5 and 5A5) producing the antibodies with a high titer were screened, and separately inoculated into ascites of a mouse. The antibodies in ascites ‰uid were puried by precipitation with 50z (NH4)2SO4 and by DEAE-cellulose column chromatography (designated mAb-1H5 and mAb-5A5).
Immunotitration procedures. HMGR activity was titrated with antiserum against HMGR as follows. Twenty microliters of soluble enzyme extracted with Triton X-100 (3 mg protein W ml) from various tissues were placed in each of seven test tubes. A series of antiserum dilutions was made by adding 10 ml of antiserum to 10 ml of buŠer A (50 mM potassium phosphate, 10 mM DTT, 1 mM EDTA, 10z glycerol, and 50 mM KCl, pH 7.5) and mixing (1:2 dilution); 10 ml of the 1:2 dilution was added to 10 ml of buŠer A (1:4 dilution). The process was repeated four more times to obtain dilutions from 1:8 to 1:64. BuŠer A (7.5 ml) was added to tube 1, containing soluble enzyme extract, for control. To tubes 2, 3, 4, 5, 6, and 7 containing soluble enzyme extract, were added 7.5-ml portions of the antiserum diluted 2, 4, 8, 16, 32, and 64 times, respectively. The tubes were shaken gently to mix the soluble extract and the antiserum, and incubated at 379 C for 30 min. Forty-ˆve microliters of Triton X-100 solubilized HMGR from potato cut tissue was added to each tube and the mixture was incubated at 379 C for 30 min. Anti-mouse IgG from rabbit (1.5 mg protein W ml, 12 ml) was added and the reaction mixture was incubated at 379 C for an additional 30 min. After adding 20 ml of Staphylococcus aureus (Pansorbin, Calbiochem), the reaction mixture was further incubated at 379 C for 30 min. The complex was precipitated by centrifugation at 10,000×g for 10 min at 49 C. The supernatant (70 ml) was taken and assayed for HMGR activity as described above.
Radioimmunoassay. The puriˆed monoclonal antibody was labeled with 125 I by the method of McConahey and Dixon, 30) and 20 ml of IgG was incubated with 0.5 mCi of Na 125 I and 5 mg of Chloramine-T in 30 ml of phosphate buŠered saline (0.9z NaCl solution, pH 7.2) for 60 s at room temperature. The reaction was stopped by adding 5 mg of sodium metabisulˆte. After this stood for 60 s, 10 ml of 1 M NaI and 250 ml of BBS buŠer (20 mM boric acid, 0.2z BSA, 150 mM NaCl, pH 8.0) were added. The 125 I-labeled antibody was separated from reagents by gelˆltration on a 10-ml column of Sephadex G-25 equilibrated with BBS buŠer. The 125 I-labeled IgG (speciˆc radioactivity 6×10 5 cpm W mg) was stored at -209 C.
A 96-well microtiter plate was coated with 50 ml of monoclonal antibody (200 mg of protein W ml of 50 mM sodium carbonate buŠer, pH 9.6) for 1 h at 379 C, and the plate was washed three times with PBS buŠer (10 mM potassium phosphate, 150 mM NaCl, 0.02z NaN3, pH 7.2). Wells were blocked byˆlling them with 5z newborn calf serum in PBS buŠer and incubated for 45 min at 379 C. The blocking solution was removed and the wells washed ten times with PBS buŠer containing 0.05z Triton X-100. Fifty microliters of HMGR (5-15 ng protein) solubilized with 2z Triton X-100 and 1z SDS were added to each well and incubated for 1 h at 379 C. The solubilized enzyme solution was removed and the plates drained on absorbent paper towels. The plate was washed as above and 20 ml of 125 I-labeled monoclonal antibody (100,000 cpm W well) was added to each well and left for 30 min at 379 C. The plate was washed again as above and the wells were cut out and their radioactivities were measured. Table 2 . Immunotitration of HMGR by Polyclonal Antibody Each portion (65 ml) of Triton X-100-solubilized microsomal enzymes from various tissues was added to the mouse antiserum against potato HMGR or non-immune mouse serum (7.5 ml). After incubation of the mixture at 379 C for 30 min, anti-mouse IgG from rabbit (1.5 mg protein W ml, 12 ml) was added, and then the reaction mixture was incubated at 379 C for an additional 30 min. After 20 ml of Staphylococcus aureus was added, the reaction mixture was further incubated at 379 C for 30 min. The pellet and supernatant were separated by centrifugation, and the pellet was resuspended in 100 ml of buŠer A as described in the text. A 70-ml portion was assayed for HMGR activity as described in the text. The values show the enzyme activity (z) in each fraction relative to the activity of the puriˆed enzyme. Immunological blotting analysis. Electrophoresis on 8z (w W v) polyacrylamide gel containing 0.1z SDS was done by the method of Laemmili.
31) The immunological blotting technique was done as previously described. 32, 33) Binding of a monoclonal anti-HMGR antibody (mAb-1H5) was detected by autoradiography using 125 I-labeled protein A after reaction with rabbit anti-mouse antibody.
Protein measurement. Protein was measured by the method of Lowry et al., 34) after precipitation with TCA and dissolution in a dilute base. BSA was used as a standard.
Results

Puriˆcation of HMGR
The potato HMGR from potato microsomes was puriˆed to apparent homogeneity by two a‹nity chromatographies and HPLC. The result of typical puriˆcation was summarized in Table 1 . The speciˆc activity of the puriˆed potato HMGR was 7800 units per mg protein.
Characterization of polyclonal antibody
The results of Ouchterlony immunodiŠusion experiments using the speciˆc polyclonal antibody showed a single precipitin line. The precipitin lines formed with the puriˆed HMGR was completely fused to the precipitin lines formed with Triton X-100 solubilized fractions from cut and diseased tissues of potato and sweet potato microsomal suspensions (data not shown). No reaction was evident when nonimmune anti-serum was used (data not shown).
These results indicate that the antibodies speciˆcal-ly recognized puriˆed HMGR protein are capable of nearly complete reaction to HMGRs of both potato tuber and sweet potato root.
Immunotitration analysis of HMGR HMGR in the Triton X-100 solubilized microsomal fraction from cut tissue of potato tuber as well as the puriˆed enzyme was completely precipitated by the speciˆc mouse antiserum against potato HMGR ( Table 2 ). The solubilized microsomal fractions from sweet potato root tissues were also completely precipitated by the antiserum. HMGR activity in the supernatant was not reduced by non-immune mouse serum. The antiserum did not directly inhibit HMGR activity in either the puriˆed enzyme or the Triton X-100 solubilized enzyme.
Measurement of HMGR protein by using speciˆc polyclonal antibody
In Fig. 1A , the reduced activity in the supernatant (z) was plotted against antiserum dilution. For the measurement of the HMGR protein in the Triton X-100 solubilized microsomal fraction, the standard curve for measuring the protein was obtained by immunotitration using puriˆed potato HMGR protein.
The immunotitration curve was shifted from right to left as the concentration of the puriˆed enzyme protein increased (Fig. 1A) . The linear regression line was obtained between ng (0-15 ng) of the puriˆed enzyme protein used and the times of antiserum dilution by which the original activity in the supernatant (Fig. 1B) . Therefore, the relative concentration of the enzyme protein can be calculated from these plots.
Characterization of monoclonal antibody
Four antibody-producing clones designated as 1H5, 4G4, 10C5, and 5A5, which reduced HMGR The puriˆed potato HMGR protein (0 (), 3.75 ng (), 7.5 ng (#), 11.25 ng ($) and 15 ng () of protein) was added to a diluted antibody instead of the Triton X-100 solubilized fraction as described in the text. The speciˆc activity of HMGR used here was 1.9 unit W mg protein. Antiserum dilution times for 50z reduction of the supernatant activity without puriˆed enzyme protein was calculated as 1:2 4 .84 by using the linear regression line with least squares analysis of the appropriate data point. As increasing from 3.75 to 15 ng with the 3.75 ng interval of the puriˆed enzyme added the antiserum dilution times for the 50z reduction of the activity of the supernatant were calculated as 1:2 4 activity in the supernatant, were selected from hybridomas. The antibodies produced by cloned 1H5 and 5A5 almost completely inhibited the activity of Triton X-100 solubilized HMGR from cut potato tissue, and the antibodies produced by 4G4 and 10C5 reduced the activity in the supernatant by 49 and 29z, respectively. The solubilized microsomal enzyme from diseased sweet potato tissue was also almost completely precipitated by the antibodies produced by 1H5 and 5A5 (data not shown). The subclasses of three antibodies produced by 1H5, 4G4, and 10C5 were analyzed according to the double diŠusion technique, using speciˆc rabbit antibodies against the various subclasses of mouse immunoglobulins. 35) The results showed that antibodies produced by 1H5, 4G4, and 10C5 were IgG2b, IgG2a, and IgG1, respectively (Table 3) .
Autoradiograms done after immunological blotting analysis showed that the monoclonal antibody (mAb-1H5) recognized a single band with a molecular mass of 54.5 kDa corresponding to puriˆed potato HMGR protein and did not recognize any other proteins on immunological blotting analysis (Fig. 2  lane 1) . This molecular mass is close to the size of the puriˆed HMGR from the microsomal fraction of cut potato tuber tissue as previously described. 25) This monoclonal antibody also recognized a single band with a molecular mass of 64.5 kDa corresponding to SDS-solubilized fraction from microsomal suspen- The puriˆed enzyme (ng) was incubated in wells previously coated with monoclonal antibody (mAb-5A5) and then the labeled probe, 125 I-labeled monoclonal antibody (mAb-1H5) was added. The radioimmunoassay in a well was assayed as described in the text. Error bars give the standard deviations calculated from four separate experiments run in duplicate. sion of cut and diseased potato tuber and sweet potato root tissues, and did not recognize any other proteins ( Fig. 2 lanes 2-5) . This suggests the molecular masses of cut and diseased potato and sweet potato HMGRs are almost the same. The result also indicated that the monoclonal antibody equally recognized the HMGR protein of potato tuber and sweet potato root tissues. Thus, the monoclonal antibody was useful for the detection of HMGR protein in potato tuber and sweet potato root tissues.
Measurement of HMGR protein by using the speciˆc monoclonal antibody
The standard curve of the radioimmunoassay for HMGR protein was shown in Fig. 3 . As the amount of puriˆed enzyme protein in the assay plate increased, the radioactivity increased linearly. Bound radioactivity using this protocol was found to be dependent on the amount of added antigen. The assay was sensitive to as little as approximately 0.5 ng of HMGR protein per well and was able to measure from 0.5 to 20 ng of the protein per well.
Changes in HMGR activity and the protein content in potato tuber tissue after cutting and fungal infection As shown in Table 4 , fresh tuber tissue of potato cv. Rishiri had very low HMGR activity. The activity increased to 44-fold of the level of fresh tissue at 14 h after cutting and then gradually decreased until 22 h. When the cut tissues (14 h after cutting) were inoculated with an incompatible race of P. infestans, the enzyme activity further increased, and reached about 4-fold at 6-8 h after fungal inoculation.
The content of HMGR protein assayed by using radioimmunoassay with the speciˆc monoclonal antibody, was very low in fresh potato tuber tissue, and increased markedly at 14 h after cutting. The content was further increased by fungal infection, and that at 6-8 h after fungal infection was 2-fold higher than that of the time of infection. The content of HMGR protein in the cut tissues were almost the same at 14 and 22 h after cutting.
The changes in the content of HMGR protein measured by immnunotitration using the speciˆc polyclonal antibody were similar to results of a radioimmunoassay used monoclonal antibody.
Changes in HMGR activity and protein content in sweet potato root tissue after cutting, fungal infection, and HgCl2 treatment As shown in Table 5 , fresh sweet potato root tissue (at 0 time) had very low HMGR activity. The activity was scarcely increased in response to cutting for 3 d. On the other hand, HMGR activity was prominently increased by fungal infection till 2 d after infection, and decreased gradually thereafter. The content of HMGR protein in fresh sweet potato root tissue assayed by radioimmunoassay with the speciˆc monoclonal antibody was very low, but increased markedly at 1 d after cutting. It was further increased at 2 d after cutting, and decreased thereafter. The Microsomal fractions from fresh, cut, and diseased tissues incubated for 0.5, 1, 2, and 3 d, were used for the assay of enzyme activity and the protein content, which was measured by using monoclonal antibody. The diseased tissues (about 0.5 to 1.5 mm thick of infected tissue) and cut tissue (4 mm thick without infection) were used for the assay. The values were the mean±SD (n＝ 4). The values in parentheses (the mean±SD; n＝3) were results by using polyclonal antibody. Microsomal fractions from fresh tissue, cut tissues incubated for 18 and 27 h, and HgCl 2 treated tissues incubated for 4.5 and 9 h after HgCl 2 -treatment to the 18-h preliminary incubated cut tissue, were used for the assay of enzyme activity and the protein content, which was measured by using monoclonal antibody. The values were the mean±SD (n＝4). The values in parentheses (the mean± SD; n＝3) were results by using polyclonal antibody. content of HMGR protein in the diseased tissue was also increased markedly within 0.5 d after fungal infection, further increased at 1 and 2 d, and then gradually decreased thereafter. The content of HMGR protein in diseased tissue was higher than that in cut tissue for 3 d after infection (Table 5) . Changes in the content of HMGR protein measured by immunotitration using the speciˆc polyclonal antibody were similar results measured by a radioimmunoassay used monoclonal antibody.
As shown in Table 6 , HMGR activity was scarcely detected in either fresh (at 0 time) or cut sweet potato root tissue (through 27 h incubation). It was increased until 9 h after treatment of HgCl2 to the 18 hpreincubated tissue. The content of HMGR protein in fresh sweet potato root tissue measured by radioimmunoassay was very low, but was markedly increased at 18 h after cutting. The content at 9 h (27 h-incubation) was further increased by the treatment with HgCl2 at the 18th h. The contents of HMGR protein measured by immunotitration using the speciˆc polyclonal antibody were similar results measured by a radioimmunoassay used monoclonal antibody.
Discussion
Molecular mass of potato and sweet potato HMGR
Immunochemical blotting analysis showed that 64.5 kDa HMGR protein in the SDS solubilized fractions from cut and diseased potato tuber and sweet potato root tissues cross-reacted with the speciˆc monoclonal antibody (Fig. 2) . There are some reports of molecular masses of plant HMGR. Korth et al. showed that the molecular mass of potato leaf HMGR was 65 kDa, 36) and Kobayashi et al. showed the 60 kDa for HMGR protein in melon 37) by immunoblot analysis. The result in this paper (Fig. 2) indicated that the molecular mass of HMGRs from cut and diseased tissues of potato tuber and sweet potato root were almost the same as those reported by Korth et al. 36) and Kobayashi et al. 37) On the other hand, the molecular mass of a puriˆed potato HMGR was smaller (54.5 kDa) than those of SDSsolubilized enzyme, since the puriˆed enzyme was obtained after proteolitic digestion by trypsin from the microsomal membrane. Therefore, the 64.5-kDa protein might be intact potato HMGR, as the molecular mass is in close agreement with the predicted size (64.5 kDa) of the protein encoded by potato hmg1 as described by Choi et al.
19)
Induction mechanism of HMGR in potato tuber tissue after cutting and fungal infection Intact potato tuber tissue had a very low HMGR activity, but the activity increased in response to cutting and further in response to infection with P. infestans, then decreased. 7) It is reasonable to assume that theˆrst increase of HMGR activity after cutting participates in the biosynthesis of steroidglycoalkaloids such as solanine and chaconine that accumulated after cutting with a one-day lag period. 38, 39) The second increase in the enzyme activity after fungal infection may participate in the biosynthesis and accumulation of isoprenoid phytoalexins such as rishitin. 7, 40) To elucidate the mechanism of increase in HMGR activity in potato tuber tissue after cutting and fungal infection, we puriˆed the enzyme from cut tissue of potato tuber, and prepared the speciˆc monoclonal and polyclonal antibodies against the enzyme. To our knowledge this is theˆrst speciˆc monoclonal antibody against HMGR prepared from puriˆed plant HMGR, although a few polyclonal antibodies were prepared and some studies done using them. 37, 41, 42) As shown in Table 4 , the activity of HMGR increased by tissue cutting (14 h after cutting) was further increased by an additional infection with P. infestans until 8 h after infection. The results of immunochemical studies using speciˆc monoclonal and polyclonal antibodies against potato HMGR showed that the content of HMGR protein was very low in fresh potato tissue and increased markedly at 14 h after cutting, and was further increased by infection with P. infestans until 8 h after fungal infection. On the other hand, the protein content was also increased until 20 h after cutting, and rapidly decreased thereafter. The content of HMGR protein at 22 h after cutting without fungal infection was less than one-half of that at 8 h after fungal infection (Table 4 ). These results suggested that HMGR protein was synthesized de novo and HMGR activity was increased in response to cutting and fungal infection. They were consistent with the previous observation that both theˆrst and second increases in activity after cutting and additional treatment with a hyphal wall component that elicits phytoalexins were inhibited by Blasticidin S. 7) Choi et al. showed that the expression of hmg1 was strongly induced by wounding in potato tuber tissue, but the wound induction was strongly suppressed by the inoculation of the tissue with P. infestans, and that the expression of hmg2 and hmg3 was strongly increased by the treatments with HgCl2 or by fungal infection. 19) Korth et al. 20) and Choi et al. 43) suggested that the hmg2 and hmg3 transcripts might play a direct role in the production of defense-related molecules. In this experiment, the HMGR protein might be synthesized from hmg1 transcript in response to cutting of potato tuber, and then, another HMGR protein might be is further synthesized from hmg2 and hmg3 transcripts by additional fungal infection as shown by Choi et al. 19) and Korth et al. 20) Jelesko et al. showed that tomato hmg1 expression was a function of cell division and growth.
11)
Induction mechanism of HMGR in sweet potato root tissue after cutting and fungal infection
As shown in Table 5 and 6, fresh sweet potato tissue had a very low HMGR activity, and the activity increased only slightly after cutting, but increased rapidly after HgCl2 treatment or infection with C. mbriata. 8, 10) On the basis of previous results of the experiments on the eŠects of HgCl2 and cycloheximide applied to sweet potato tissue, was assumed that HMGR protein was synthesized de novo during theˆrst 18-h incubation after cutting, and the inactive form was converted to the active form of the enzyme after the treatment with HgCl2 or fungal infection. 10) In this paper, we measured the content of HMGR protein in sweet potato root tissue by an immunochemical technique using speciˆc monoclonal and polyclonal antibodies against potato HMGR. As a result, it was clearly demonstrated that HMGR protein in sweet potato root tissue was synthesized de novo in response to cutting, fungal infection, and HgCl2 treatment. However, the enzyme activity was observed in diseased and HgCl2 treated tissues, but not in merely cut tissue. These results suggest that the HMGR protein in sweet potato root tissue was synthesized de novo after cutting, as well as in potato tuber tissue. The HMGR protein in cut tissue was inactive, although it is unclear what the role of inactive HMGR in cut tissue may be. It was not known whether the additional HgCl2 treatment or fungal infection converted it to an active form or not.
Although there are no reports on gene-level experiments on HMGR in sweet potato root tissue, expression of genes such as hmg1, hmg2, and hmg3 should play an important role in the synthesis of HMGR protein in response to cutting, chemical treatment, and fungal infection, the same as in potato tuber tissue. The protein contents of diseased or HgCl2 treated sweet potato root tissue were higher than that of cut tissue. Therefore, active HMGR protein might be also synthesized de novo in response to HgCl2 applied to the cut tissue or fungal infection. The active HMGR may lead to the production of sesquiterpenoid phytoalexins such as ipomeamarone.
Inactivation of HMGR in potato tuber and sweet potato root tissues
Phosphorylation and dephosphorylation of HMGR has been reported to control HMGR activity in plants. [44] [45] [46] [47] [48] Inactivation of HMGR through phosphorylation by a serine kinase from Brassica oleracea was demonstrated in vitro. 49) Phosphorylation by a speciˆc kinase and activated via dephosphorylation by a phosphatase 50) may play a role in controlling the conversion of the inactive form to active form and vice versa in potato tuber and sweet potato root. The HMGR activity in cut potato tuber tissue was decreased by one-third from 14 h to 22 h after cutting, but the protein content did not change (Table 4 ). Both the HMGR activity and protein content in cut and diseased tissues of sweet potato root were decreased from 2 d to 3 d after cutting and infection (Table 5 ). The decrease in the activity was higher than that of the protein content, suggesting that the inactivation of HMGR occurred prior to its proteolytic degradation.
Parker et al. showed that protein phosphorylation could also increase the susceptibility of HMGR to proteolysis. 51) Korth et al. showed that the degradation of HMGR served to help regulate its activity in potato leaf tissue, since cysteine protease inhibitors increase the recovery of HMGR protein and its activity, suggesting that a regulated decrease in plant HMGR activity correlated closely with a loss of the HMGR protein. 36) Kobayashi et al. also suggested that proteolytic degradation might be involved in the regulation of HMGR expression in melons. Toroser and Huber showed that HMGR kinase in cauli‰ower was Ca 2＋ -dependent, 45) therefore, phosphorylation might be also controlled by a cofactor. Thus, plant HMGRs are regulated not only transcriptionally and translationally, but also post translationally. 42, 52, 53) Much more work is needed to clearly understand the mechanism of induction and regulation of HMGR activity after cutting, chemical treatment, and fungal infection in potato tuber and sweet potato root tissues.
